The effects of carbon monoxide (CO) and ammonia (NH 3 ) molecules adsorption on the various composites of boron nitride and graphene BN-C hybrid nanoribbons are investigated using the non-equilibrium Green's function (NEGF) technique based on density functional theory (DFT). The effects of adsorption with possible random configurations on the average of the density of states (DOS), transmission coefficient, and the current-voltage (I-V) characteristics are calculated. The results indicate that, by embedding armchair graphene nanoribbon (AGNR) with boron nitride nanoribbon (BNNR), the various electronic properties can be observed after gas molecule adsorption. The electronic structure and gap of hybrids system is modified due to gas adsorption, and the systems act like the n-type semiconductor by NH 3 molecule adsorption. The hybrid structures due to their tunable band gap are better candidates for gas detecting compared to the pristine BNNRs and AGNRs.
INTRODUCTION
The synthesis of carbon nanotubes (CNTs), graphene and another materials such as BN and SiC with a wide band gap have stimulated numerous research investigations according to their novel and potential applications in the electronic and optoelectronic devices on a nanometer scale. 1 Due to their high surface-area-to-volume ratio, the electronic and optical properties of these materials can be influenced by adding gas molecules. All these properties make them as an attractive candidate for sensing various molecules.
The nanostructures cannot detect some of molecules that are weakly adsorbed on their surfaces. The CNT sensor devices could be used to detect small concentrations of NH 3 , NO 2 , and O 2 while toxic gases such as CO cannot be detected using these devices. 2 Unlike the pristine CNTs, the CO can only be physisorbed on the sidewall of BNNT through van der Waals interactions. 3 The defects such as Stone-Wales, vacancies, and doping can be improved against the limitations of gas sensing in these structures. [4] [5] [6] [7] [8] Investigation of the electronic properties of the Cdoped BNNT in the presence of CO molecules by first-principle calculations, showed that the interaction of CO molecules can be enhanced in C-doped BNNTs in comparison with pure BNNT. 4 The adsorption of CO molecule on transition metals (TM)-doped BNNTs leads to different electronic properties and can be used as a CO gas sensor. 9 The NH 3 molecule in a defected BN sheet has more negative adsorption energy rather than a pristine BN sheet. 10 In addition to nanotubes, graphene is considered as a capable candidate for monitoring and controlling toxic gases. The defective or doped graphene shows stronger adsorption rather than the pristine structures. [11] [12] [13] Using first-principles calculations, it has been shown that the Al-doped graphene is more sensitive to the adsorption of CO than pristine graphene and N-doped graphene. 5 The structural and electronic properties of the graphene-molecule adsorption are strongly dependent on the configuration of the molecular adsorption.
The investigation of the electronic structure of the SWNT's has been carried out by STS.
Investigation of the electronic structure of gas molecules adsorbed on GNRs by the tight-binding DFT based calculation, has shown that the new states induced by CO and NH 3 molecules are localized near the Fermi level and the conduction band, respectively.
14 The electronic and transport properties of the AGNRs are sensitive to the gas adsorption and their conductance is more affected by NH 3 rather than CO molecules. 15 Using tight binding theory, it was found that the energy gap of doped carbon nanotubes is reduced by B/N-doping, and the reduction value is sensitive to the nanotube diameter and chirality, impurity type and concentration. 16 In BNNTs, the band gap is reduced due to substitution of B/N atoms by carbon atoms, and the doping effects of boron and nitrogensubstituted BNNTs are different. 17 Another type of BCN nanostructure is BN-C hybrids of nanoribbons, which are composed by GNRs embedded in BNNRs. BN-C hybrid nanoribbons have a stable honeycomb configuration 18 and can be synthesized by the CVD methods. 19 The BCN nanostructures could be good alternatives for CO and NH 3 detecting instead of pristine graphene allotropes or pure BN structures.
The electronic properties of these insulator or semiconductor structures can be changed to metals or half-metals by tuning the concentration of the carbon atoms. [18] [19] [20] [21] Their tunable electronic properties suggest potential applications of BNC hybrid nanoribbons in nano-electronic and nano-sensors for detecting low concentrations of molecules. Due to random distribution of gas adsorption, the translational symmetry of a real disordered system is broken for these systems. Because of a large number of possible configurations, the physical quantities must be obtained via the average of all configurations. The disordered systems can be evaluated by averaging approaches such as coherent potential approximation (CPA) 22 or the transfer matrix method.
14 In this study we have investigated the effects of CO and NH 3 adsorption on BN-C hybrid nanoribbons by using the NEGF technique.
The remainder of this paper is organized as follows. In the next section, we explain the theoretical aspects of our work. In the ''Results and Discussion'' section, we present the dependence of densities of states (DOS) spectrum, quantum conductance and current-voltage characteristics on gas (CO and NH 3 ) adsorption. The conclusion of our work is represented in ''Conclusions'' section.
MODEL AND FORMALISM
The nanoribbon can be described as the linear supercell chains divided into a central supercell surrounded by two semi-infinite stacks. We assume that adsorption occurs on the center area and this area contains several unit cells including random distribution of gas molecules. For the center region by N S atoms and N G molecule adsorption, the gas concentration is determined as c ¼ N G N s . 14 In this study we suppose N G = 1. The possibility weight of each configuration can be attributed to the adsorption energy [E ads = E adsorbed À (E pristine + E molecule )] with the linear relation. The bond length and hopping integrals for nanoribbon edge atoms change due to hydrogen passivation. 23 The on-site energy for the edges and middle atoms is differ due to their different chemical environments. 23 The electronic properties of the system including semi-infinite regions can be investigated by using of surface Green's function and transfer matrix approach. 24 For the nonmagnetic system, in the tight-binding approximation, the Hamiltonian of supercells is defined as 14 :
where a refer to left, right and central (L, R and C)
is the hopping integral, e i is the on-site energy, c y i ðc i Þ is the create (annihilate) operator at site i. In the presence of an adsorption molecule, the Hamiltonian of the central supercell is obtained by:
where H i imp is the Hamiltonian for the adsorbed molecule at ith site and determined by 14 :
where
Þ is the create (annihilate) operator in the orbital ' of the molecule located at the ith ribbon site, the e ' i and t ' i ' 0 i are the on-site energy and hopping parameters for orbitals in the molecule, respectively. The t i' i is the hopping parameter between the molecule and ribbon. The total Green's function for any adsorbed configuration can be calculated by 25 :
Þ is the self-energy due to the interaction between the supercell and left (right), which is estimated by an iteration method. For an X-type molecule, the average DOS overall configurations evaluated as 14 :
Here, w X i is the probability weight for the ith configuration. The transmission coefficient and quantum conductance, Q C (E) of the system can be determined as 26, 27 :
where the C L;R is the coupling matrix on the left or right electrodes. The total current across the system (I(V)) is calculated as 27 :
where f(E) is the Fermi-Dirac distribution function.
RESULTS AND DISCUSSION Figure 1 shows the schematic views of pristine A 7 GNR, A 9 BNNR, A 9 BNNR-A 7 GNR and pristine A 5 BNNR-A 7 GNR-A 5 BNNR systems. Several parameters such as on-site energies of carbon, boron and nitrogen, hydrogen and oxygen atoms and the hopping integral between them are required to calculate the electronic properties of these systems. The hopping parameters and on-site energies of pristine BN-C hybrid nanoribbons and GNRs with molecules adsorption are shown in Tables I  and II. 14,20 The hopping parameters for BNNRs with CO and NH 3 adsorption can be obtained by 28 :
where d ¼ 1:42 Å , d ab is the bond length between molecule and ribbon atoms and t is the hopping parameter. Note that for all systems, the d ab is determined from previous DFT calculations (Table  III) . The on-site energies can be obtained with varying e ' i to achieve the results in agreement with the reported DFT results.
4,29-31
Based on DFT calculations, the adsorption energy of CO on the GNRs and BNNRs is approximately equal (0.13 eV) for B/N/C atoms. 4, 31, 32 Based on the equivalence of the adsorption energy for each combination of the GNRs and BNNRs, 20, 33 we used the same probability weight for CO-adsorption on each of the B/N/C sites (similar to Ref. 14). Due to the DFT calculations, the adsorption energy of the adsorbed NH 3 molecule on B/N/C atoms is equal to 0.112 eV, 0.4 eV, and 0.48 eV, respectively. 29, 34 For molecules with neglected interactions (far from the ribbon's surface), the adsorption probability weight depends on the ribbon's area. For the NH 3 molecules sufficiently close to the ribbon area, the adsorption probability weight is different for B/N/ C atoms. We defines the probability weight for NH 3 adsorption on B/N/C atoms as: where S GNR (S BNNR ) is surface area of GNR (BNNR) regions, respectively. S T is total surface area of the supercell. The N GNR (N BNNR ) are the total number of sites of GNR (BNNR) in the supercell. E Figure 2 shows some geometrical molecule adsorption configurations of A 9 BNNR-A 7 GNR. The calculated band structure of A 7 GNR and A 9 BNNR with different CO and NH 3 gas adsorptions are shown in Fig. 3c, d , and e. For a periodic configuration in the A 7 GNR (A 9 BNNR), the gas molecule is adsorbed on the carbon (boron) atoms at the center of the nanoribbon. After CO and NH 3 adsorption in the A 7 GNR, the impurity level is created above Fermi level in the conduction bands (in agreement with Ref. 14) and the system becomes a n-type semiconductor ( Fig. 3c and d) . In the A 9 BNNR, the CO adsorption creates a new band above the Fermi level (below the lowest conduction bands), narrows the band gap and slightly shifts the Fermi level toward the conduction band (Fig. 3e) . The charge transfer is positive for these donor cases in agreement with Ref. 35 . Figure 3g , h, i, and j shows the calculated the band structure of A 7 GNR-A 9 BNNR hybrid system with different CO and NH 3 gas adsorption (corresponding to Fig. 2c, d , e, and f). For all selected cases, the gas adsorption creates a new band above the Fermi level.
Electronic Structure

Density of States
In the Fig. 4 we compare the total DOS of pristine A 7 GNR, A 9 BNNR, A 9 BNNR-A 7 GNR and A 5 BNNR-A 7 GNR-A 5 BNNR (corresponding to unit cells in Fig. 1 ). The gap is decreased to 0.94 eV for (A 9 BNNR-A 7 GNR) hybrid system in comparison with the pristine A 9 BNNR (E g = 4.2 eV) and A 7 GNR (E g = 1.35 eV). Also, the gap is decreased to 0.58 eV for the (A 5 BN-A 7 GNR-A 5 BNNR) hybrid system. Figure 5a, b, c, d , e, and f shows DOS for the A 9 BNNR-A 7 GNR hybrid system with various molecule adsorption positions (corresponding to Fig. 2a,  b, c, d , e, and f). By the CO and NH 3 gas adsorption on the boron atoms ( Fig. 2a and b) , some modifications occur far from the Fermi level in the conduction and valence regions. After CO gas adsorption on the carbon atoms, a distinct sharp peak occurs around the Fermi level due to the band structure modifications (Fig. 2c and e) . The NH 3 gas adsorption on the carbon atoms leads to create dual peaks near the Fermi level at the conduction region due to the modifications of the band structure such as band splitting and creating a donor band (Fig. 2d and f) .
The effects of various concentrations of CO and NH 3 adsorption molecules on the average DOS for A 7 GNR, A 9 BNNR, A 9 BNNR-A 7 GNR and A 5 BNNR-A 7 GNR-A 5 BNNR systems are shown in Figs. 6, 7, 8, and 9, respectively. As shown in Fig. 6a (Fig. 6b) for A 7 GNR, the CO (NH 3 ) adsorbed molecule induces quasi-localized state in the band gap, which is located near and above the Fermi level (near the conduction band) without any changing in the position of the HOMO and LUMO states in good agreement with previous study. 14 The decreasing of the concentration of gas leads to decreasing the intensity of the induced states (see Fig. 6 ). For this case, the modifications of DOS in positive energies are more significant than negative energies.
As shown in Fig. 7 , for the A 9 BNNR, the adsorbed CO molecule induces states near the LUMO state without changing in the position of HOMO state in agreement with previous studies. 4, 30, 31 Increasing the gas concentration increases the intensity of induced DOS peaks. In the presence of the CO molecule, the A 9 BNNR becomes like the n-type semiconductors. The intensity of HOMO state increases by NH 3 adsorption. 29 In the A 9 BNNR, for both cases with different concentration, the modifications of electronic properties in higher and lower energies are neglected. Figure 8 shows DOS of A 9 BNNR-A 7 GNR system in the presence of gas adsorption. Adsorption of the CO molecule to this system leads to modifications near the conduction band and creates several neighbor peaks in the band gap region with broadening energies about 0.2 eV (Fig. 8a) . For the A 9 BNNR-A 7 GNR system, the NH 3 gas induces new states and decreases the band gap by shifting the LUMO to the lower energies region. The system in the presence of NH 3 gas behaves as the n-type semiconductor. The decreasing of gas concentration leads to decreasing the intensity of the induced states as shown in Fig. 8 . The effects of CO and NH 3 gas adsorption on average DOS of A 5 BNNR À A 7 GNR À A 5 BNNR are shown in Fig. 9 . The domain of impurity states, which are induced by the CO molecule, contains energies below the Fermi level (Fig. 9a) . The NH 3 molecule creates impurity states near the conduction band and decreases the energy band gap. Also, the intensity of induced states is reduced by decreasing the gas concentration and the system becomes like n-type semiconductors (Fig. 9b) .
Conductance
Figures 10, 11, 12, and 13 show the average transmission coefficient and current-voltage characteristics for A 7 GNR, A 9 BNNR, A 9 BNNR-A 7 GNR and A 5 BNNR-A 7 GNR-A 5 BNNR systems in the presence of CO and NH 3 gas adsorption, respectively. These nanoribbons can be considered as a junction electrode in the I-V characteristics calculations. As shown in these figures, the conductance is reduceds in energies far from Fermi level due to the gas adsorption.
For A 7 GNR in comparison with the pristine case, CO and NH 3 molecules adsorption reduce the conductance and open the new conductance channels (Fig. 10a) . These effects originate from electronic modifications after gas adsorption. For A 7 GNR with CO and NH 3 adsorption, the I-V characteristics exhibit staircase features in the bias voltage ranges [+ 0.05 V to +0.6 V] and [+ 0.4 V to +0.6 V], respectively (Fig. 10b) . For positive and negative bias, each system acts as a switch (shown in Fig. 10b ). For CO (NH 3 ) adsorption, the turn-on voltage is +0.05 V (+ 0.4 V) and the A 7 GNR becomes like the n-type semiconductor in the presence of CO and NH 3 gases.
In the A 9 BNNR system, due to the induced states near the Fermi energy, the difference between conductance of clean and impure systems is negligible (Fig. 11) . Then, the pristine A 9 BNNR is not an appropriate choice for detecting CO and NH 3 molecules compared with hybrid systems.
Due to conductance channels, which are located at the Fermi level (Fig. 12a) , the current-voltage characteristic shows an Ohm like (linear) behavior around zero bias. The A 9 BNNR-A 7 GNR acts like a metallic system due to CO molecule absorpbtion. The NH 3 molecule creates new transmission channels above the Fermi level. The turn-on voltages of A 9 BNNR-A 7 GNR with NH 3 adsorption is + 0.3 V in the forward bias (Fig. 12b) . The transmission coefficient and I-V characteristics of the A 5 BNNR-A 7 GNR-A 5 BNNR in the presence of gas are shown in Fig. 13 . Due to anti-resonance effects of quasilocalized states, 25 some dip can be observed in the transmission curves, while the conductance channels on the Fermi level have disappeared. This system in the presence of CO (NH 3 ) molecule behaves as a p-type (n-type) semiconductor.
CONCLUSIONS
In this research, the possibility of using AGNRs, BNNRs, and their hybrid compositions as the gas sensor is studied. For this purpose, we assume that only a single impurity molecule can be located in the supercell sites. The effects of adsorption on the electronic structure, average of the DOS, transmission coefficient and I-V characteristics overall random configurations are investigated by using NEGF technique. The required parameters have been obtained from previous DFT studies. The results indicate that, in BNNR, the randomly CO molecule adsorption induces states near the conductance band. The adsorption NH 3 molecules increase intensity of the HOMO states. These adsorptions have negligible effects on conductance and I-V characteristics for BNNRs compared with GNRs and hybrid systems. By embedding GNRs into BNNRs in the presence of CO and NH 3 gas adsorption, the various and applicable electronic and conductance properties can be observed. For instance, the A 9 BNNR-A 7 GNR (A 5 BNNR-A 7 GNR-A 5 BNNR) system behaves as a metallic (p-type semiconductor) system in the presence of CO adsorption. The gap of hybrid systems are decreased in the presence of NH 3 gas, and they act like the n-type semiconductors. Our results show that these hybrid structures, due to their tunable band gap, can be better candidates for CO and NH3 gas detectors as compared to the pristine BNNRs and GNRs. Due to the various interesting electronic properties, the AGNR's embedded in BNNRs (BN-C hybrid nanoribbons) can be appropriate structures for the future of nanoelectronic devices. Especially, this hybrid structure can be a good candidate for CO and NH 3 gas detecting as compared to the pristine BNNRs.
